Magnetic resonance arthrography (MRA) has become the preferred modality for imaging patients with internal derangement of the wrist. However, several aspects of MRA use need to be clarified before a standardized approach to the imaging of internal derangement of the wrist can be developed. The objective of the study is to evaluate the efficiency of different magnetic resonance (MR) sequences in the detection of lesions of the triangular fibrocartilage complex (TFCC) and scapholunate and lunotriquetral ligaments on direct MRA. Thirty-one consecutive direct magnetic resonance arthrographic examinations of the wrist using a wrist surface coil were performed for the assessment of the TFCC and intrinsic ligaments on a 1.5-T MR imaging system (Signa; 16 channel, Excite, GE Healthcare, Milwaukee, WI, USA). All patients had wrist pain, and in six cases, there was associated clinical carpal instability. The presence, location, and extent of TFCC, scapholunate ligament (SLL), and lunotriquetral ligament (LTL) lesions on T1 fat-saturated, multiplanar gradient recalled (MPGR) and short tau inversion recovery (STIR) images were identified, compared, and analyzed. Fortyone lesions of the TFCC, SLL, and LTL were visualized on contrast-sensitive (T1 fat-saturated) images in 23/31 (74.2%) patients. Twenty-one lesions of the TFCC and intrinsic ligaments were visualized on noncontrast-sensitive (MPGR and STIR) images (15 tears of the TFCC and six tears of the SLL and LTL). All of these lesions were seen on T1 fat-saturated images; 48.8% (20/41) lesions seen on T1 fat-saturated images (eight tears of TFCC and 12 tears of SLL and LTT) were not seen on MPGR and/or STIR images. Superior contrast resolution, joint distention, and the flow of contrast facilitate the diagnosis of lesions of the TFCC and intrinsic ligaments on contrast-sensitive sequences making MRA the preferred modality for imaging internal derangements of the wrist. Little agreement exists regarding the value and location of perforations of the intrinsic ligaments given that both traumatic and degenerative perforations may be symptomatic. Noncommunicating defects of the ulnar attachments of the triangular fibrocartilage (TFC), tears of the dorsal segment of the SLL, and defects at the lunate attachment of the SLL have a higher likelihood of being symptomatic and caused by trauma rather than by degenerative perforation. Although no consensus exists, it would appear that most arthrographies should be started with a radiocarpal injection. Injection into the distal radioulnar joint should be added if no communicational defects are visualized following radiocarpal injection in patients with ulnar-sided wrist pain.
Abstract Magnetic resonance arthrography (MRA) has become the preferred modality for imaging patients with internal derangement of the wrist. However, several aspects of MRA use need to be clarified before a standardized approach to the imaging of internal derangement of the wrist can be developed. The objective of the study is to evaluate the efficiency of different magnetic resonance (MR) sequences in the detection of lesions of the triangular fibrocartilage complex (TFCC) and scapholunate and lunotriquetral ligaments on direct MRA. Thirty-one consecutive direct magnetic resonance arthrographic examinations of the wrist using a wrist surface coil were performed for the assessment of the TFCC and intrinsic ligaments on a 1.5-T MR imaging system (Signa; 16 channel, Excite, GE Healthcare, Milwaukee, WI, USA). All patients had wrist pain, and in six cases, there was associated clinical carpal instability. The presence, location, and extent of TFCC, scapholunate ligament (SLL), and lunotriquetral ligament (LTL) lesions on T1 fat-saturated, multiplanar gradient recalled (MPGR) and short tau inversion recovery (STIR) images were identified, compared, and analyzed. Fortyone lesions of the TFCC, SLL, and LTL were visualized on contrast-sensitive (T1 fat-saturated) images in 23/31 (74.2%) patients. Twenty-one lesions of the TFCC and intrinsic ligaments were visualized on noncontrast-sensitive (MPGR and STIR) images (15 tears of the TFCC and six tears of the SLL and LTL). All of these lesions were seen on T1 fat-saturated images; 48.8% (20/41) lesions seen on T1 fat-saturated images (eight tears of TFCC and 12 tears of SLL and LTT) were not seen on MPGR and/or STIR images. Superior contrast resolution, joint distention, and the flow of contrast facilitate the diagnosis of lesions of the TFCC and intrinsic ligaments on contrast-sensitive sequences making MRA the preferred modality for imaging internal derangements of the wrist. Little agreement exists regarding the value and location of perforations of the intrinsic ligaments given that both traumatic and degenerative perforations may be symptomatic. Noncommunicating defects of the ulnar attachments of the triangular fibrocartilage (TFC), tears of the dorsal segment of the SLL, and defects at the lunate attachment of the SLL have a higher likelihood of being symptomatic and caused by trauma rather than by degenerative perforation. Although no consensus exists, it would appear that most arthrographies should be started with a radiocarpal injection. Injection into the distal radioulnar joint should be added if no communicational defects are visualized following radiocarpal injection in patients with ulnar-sided wrist pain.
Introduction
More than 40 years have passed since wrist arthrography was suggested for the evaluation of the intrinsic carpal ligaments [18] . However, even wrist arthrography performed with the three-compartment injection with digital subtraction for precision [26] was criticized for its low specificity and accuracy [54] .
Combination of the advantages of conventional arthrography with the direct visualization of structures on magnetic resonance (MR) imaging made magnetic resonance arthrography (MRA) the preferred modality for imaging patients with internal derangement of the wrist in some of the centers [13, 46] . Joint distension by contrast injection, visualization of contrast leak, or contrast imbibition allows better evaluation of subtle abnormalities such as a partial ligamentous tear or cartilage defects. Studies have shown excellent accuracy of direct MRA for tears of the triangular fibrocartilage complex (TFCC), scapholunate (SLL), and lunotriquetral ligaments (LTL) [30, 42, 44] . However, there are several issues that require clarification before a standardized approach to the imaging of internal derangements of the wrist can be developed. These controversial issues include: the clinical value of diagnosis of communicating and noncommunicating defects of the triangular fibrocartilage (TFC); the clinical value of diagnosis of communicating defects of the SLL and LTL; the clinical value of diagnosis of tears of extrinsic ligaments; the clinical value of medial leakage of contrast into the sheath of the extensor carpi ulnaris (ECU) tendon and through ulnar collateral ligament defects; and single vs multiple compartment injections and direct MR arthrography vs multidetector computed tomography (CT) arthrography.
Objectives
The objectives of the study were to evaluate the diagnostic efficiency of different MR sequences in the detection of tears of the triangular fibrocartilage, scapholunate ligament and lunotriquetral ligament on direct MRA and to review the literature regarding the clinical value of the diagnosis of tears of the TFCC and intrinsic and extrinsic ligaments as well as the utility of single vs multiple compartment injections.
Methods and Materials
Thirty-one consecutive direct MR arthrographic examinations of the wrist using a wrist surface coil were performed for assessment of the TFCC and intrinsic ligaments on a 1.5-T MR imaging system (Signa; 16 channel, Excite, GE Healthcare, Milwaukee, WI, USA). Wrist MRA included axial 483.332/11 (repetition time ms/echo time ms), coronal 400/12 (repetition time ms/echo time ms), and sagittal T1 533.332/11 (repetition time ms/echo time ms) fat-saturated, axial short tau inversion recovery STIR; 4400/39.16 (repetition time ms/echo time ms) and coronal multiplanar gradient recalled MPGR; 617/23 (repetition time ms/echo time ms) images. The age of patients ranged from 17 to 57 years (mean age, 40 years). All patients had wrist pain. In six cases, there was associated clinical carpal instability. Examinations were read by a musculoskeletal fellow and one of two musculoskeletal radiologists (4 and 2 years experience in MSK radiology). Findings were reported by consensus. The presence, location, and extent of TFCC, SLL, and LTL lesions on T1 fat-saturated, MPGR and STIR images, were identified, compared, and analyzed.
Results
Forty-one lesions of the TFCC, SLL, and LTT were visualized on contrast-sensitive (T1 fat-saturated) images in 23 (74.2%) of 31 patients (Table 1) . Communicating tears of the body of the TFC were diagnosed in nine (29%) of 31 patients ( Fig. 1) ; noncommunicating tears were seen in two (6.5%) of 31 patients. Communicating tears of the ulnar attachments of the TFC were diagnosed in three (9.7%) patients; noncommunicating tears in four (12.9%) of 31 patients (Fig. 2) .
Tears of the SLL were found in 11 (35.5%) patients. Two (2/11-18.2%) were complete tears with widening of the scapholunate interval. Five (5/11-45.5%) tears were visualized in the dorsal ( Fig. 3 ), two (2/11-18.2%) in the volar, and one (1/11-9.1%) in the central portions of the SLL. Tears of the LTL were diagnosed in seven (22.6%) of 31 patients ( Fig. 4) .
Medial capsular flow of contrast was seen in three (9.7%) of 31 patients. In all of these patients there was an associated tear of the LTL.
One (3.2%) patient had a tear of the extensor carpi ulnaris tendon sheath associated with a communicating tear of ulnar attachments of the TFC (Fig. 5 ). In one (3.2%) patient, a tear of the LTL was associated with a partial tear of the ECU tendon.
Twenty-one lesions of the TFCC and intrinsic ligaments were visualized on noncontrast-sensitive (MPGR and STIR) images (15 tears of the TFCC and six tears of the SLL and LTT). All of these lesions were seen on T1 fatsaturated images. Twenty (48.8%) of the 41 lesions seen on T1 fat-saturated images (eight tears of TFCC and 12 tears of SLL and LTT) were not seen on MPGR and/or STIR images.
Discussion
Despite the initial enthusiasm, magnetic resonance imaging in the absence of intra-articular contrast has not become the ultimate tool for diagnosis of internal derangement of the wrist. Hobby et al. [17] reviewed 11 publications on the diagnostic performance of MRI and found that standard MRI is highly specific but not sensitive, demonstrating an overall accuracy of 85%, a sensitivity of 70%, and a specificity of 90% if compared to arthroscopy as the gold standard. Their conclusion was that MRI without intra-articular contrast medium is unreliable in excluding tears of the intrinsic ligaments. Moreover, despite showing a high accuracy of 97% for central and radial sided TFC tears [30, 35, 50, 59 ] (Palmer's class IA, ID and class II tears), MRI is only 64% accurate [15, 50] for peripheral tears of the ulnar attachment (Palmer's class IB and IC). The poor performance of MR for these tears was attributed to the presence of high-signal vascularized fibrous tissue between the two ulnar attachments, the ligamentum subcruentum [3, 15] , which can mimic a tear.
The diagnostic performance of MR is improved by MRA making lesions more conspicuous when they are outlined by contrast material in a distended joint space [19] . Braun et al. [7] concluded that MRA was of equal value when compared to diagnostic arthroscopy in detecting complete defects of the SLL and LTL ligaments and has the potential to replace the diagnostic arthroscopy. In our series, intraarticular contrast helped to diagnose 20 of 41 lesions which were not visualized on noncontrast-sensitive sequences. It was particularly helpful in the diagnosis of noncommunicating defects of ulnar attachments of the TFC, partial tears of the SLL, tears of the LTL, and tears of ECU tendon sheath and ulnar collateral ligament (UCL).
However, the clinical significance of imaging findings of TFC and ligamental tears is controversial. Multiple studies have indicated that communicating defects in the TFC and intrinsic ligaments can be frequently found on arthrography of asymptomatic wrists in 50-80% of people [8, 10, 16, 20, 27, 57] . Cadaveric and arthrographic studies have demonstrated that TFC, SLL, and LTL defects occur in asymptomatic wrists as senescent changes within the substance of the ligaments, as well as within the triangular fibrocartilage [8, 10, 18, 31, 51, 52, [55] [56] [57] . Thus, the finding of a communicating defect through any of the ligaments or TFC could represent either a symptomatic tear or an asymptomatic perforation as the result of degeneration. To complicate the issue, even the designation of an asymptomatic wrist is problematic. Most people have wrist injuries at many times throughout their lives and asymptomatic wrist at the time of the examination cannot exclude that the wrist was previously traumatized. Moreover, there is little agreement in the literature if both symptomatic and degenerative perforations of the intrinsic ligaments and TFC can be symptomatic.
Interestingly, TFC lesions near the radial attachment of the TFC, considered to be traumatic by Palmer [38] , were found to be commonly present in asymptomatic wrists [8, 57, 58] and were frequently found as congenital perforations on cadaveric study of the TFC in fetuses and in infants [47] . TFC degeneration and perforations at the central or radial portion increase with age [22] . Rüegger et al. [41] found that noncommunicating tears of the ulnar attachment of the TFC on MRA are more likely to be symptomatic than communicating tears in the radial or central aspects of the TFC. The differentiation of these peripheral tears of ulnar attachments of the TFC from central tears may be clinically important. Peripheral tears have a good vascular supply and can be associated with instability of the distal radioulnar joint (DRUJ) [38, 39] while central lesions are avascular [12, 37] .
The forearm and distal carpal row are fixed units, connected by the proximal row which is referred to as the ''intercalated kinematic segment''. Disruption of the SLL causes the development of scapholunate dissociation [14] , rotatory subluxation of the scaphoid, and perilunate instability [29] with consequent scapholunate advanced collapse [53] .
Tears of different portions of the SLL and LTT have been shown to have varying clinical significance. This can be explained by differences in the anatomy of the ligamentous portions. The dorsal and volar portions of SLL and LTT are true ligaments, consisting of closely packed collagen fibers [6] . The dorsal portion of SLL and volar portion of LTL are the main contributors to stability. The central portions of the SLL and LTT are a thin fibrocartilaginous membrane that contributes little to wrist stability [5] . Degenerative perforations in the middle segments of the SLL and LTL are common, increase with age, are often asymptomatic, and correlate poorly with patients' symptoms [24, 31, 57] .
In contradistinction, most of the communicating defects involving the dorsal segment of the SLL and at the lunate attachment of SLL were frequently symptomatic which may be an indicator of a traumatic tear rather than a degenerative perforation [24] . Linkous et al. [24] hypothesized that the involvement of the fibrous dorsal segment produces symptomatic instability and that defects that extend into this segment (which, unlike the central segment contains nerve fibers) are more likely to be painful. The volar segment of the SLL is strengthened by the adjacent strong extracapsular volar extrinsic ligamentous complex and by the radioscapholunate ligament, which terminates at the junction of the volar and central segments of the SLL [4] . This explains why isolated communicating defects of the volar portion of the SLL are very infrequent.
Relatively little attention was paid in the literature to the evaluation of the tears of extrinsic ligaments of the wrist. Extrinsic ligaments between the radius, ulna, and carpal bones or between carpal and metacarpal bones have an important role in the maintenance of carpal stability [32, 40] . Extrinsic ligaments are intracapsular in location and include the palmar and dorsal groups of ligaments. The palmar extrinsic ligaments include the radiolunotriquetral ligament (RLTL), radioscaphocapitate ligament (RSCL), radial collateral ligament (RCL), ulnolunate ligament, palmar ulnotriquetral ligament, and scaphotriquetral ligament. The RLTL and RSCL are the most important for carpal stability [34] . The RLTL maintains the load transference and prevents ulnar translation, whereas the RSCL primarily keeps the scaphoid in position [34] .
The dorsal extrinsic ligaments include the dorsal radiotriquetral ligament, dorsal scaphotriquetral ligament, and dorsal ulnotriquetral ligament. The dorsal radiocarpal and intercarpal ligaments play a role in the prevention of volar and dorsal intercalated segment instability [32] . Theumann et al. [49] confirmed that carpal instability was associated with tears of the extrinsic RSCL, RLTL, and RCL. In their series, no tears of dorsal extrinsic ligaments were noted. Based on this study, carpal instability was related to the association of tears of intrinsic and extrinsic ligaments rather than to the presence of intrinsic ligament tears alone.
Tears involving the tendon sheath of the extensor carpi ulnaris tendon and tears of ulnar collateral ligament are other issues which are only sparsely described in the literature. Machiels et al. [25] described dorsal peripheral detachment of the TFCC as a tear located at the dorsoulnar peripheral attachments of the TFCC and extending into the floor of the ECU tendon sheath. The tear can extend further into the ulnar collateral ligament. Disruption of ECU tendon sheath results in tendon instability. The authors concluded that in patients with a history of trauma and without rheumatoid arthritis who present with pain in the dorsal aspect of the wrist near the ulnar styloid along the trajectory of the ECU, contrast opacification of the tendon sheath, extravasation of contrast into the dorsal ulnar and peristyloid soft tissue are pathognomonic features of dorsal peripheral detachment of the TFCC.
Interestingly, the UCL itself is a controversial topic. In 1970, Spinner and Kaplan [45] defined the UCL as a periosteum/ECU fibro-osseous sheath. Kleinman [21] described a vestigial ulnar collateral ligament. Buterbaugh [9] defined UCL as the floor of the ECU tendon sheath. However, Osterman [36] stated that there is no true UCL. Arons et al. [2] described the defect of UCL distal to the intact TFC and exiting into the floor of the ECU tendon sheath. Such cases of "ulnar capsular leak" were described by Palmer's group on arthrography [23] . Tears of the UCL without associated injury of the TFC or ulnal attachments of the TFC could be seen with and without ECU tenosynovitis. Repair of these disruptions at surgery leads to disappearance of the symptoms. In our series, no isolated lesions of the UCL or ECU tendon sheath were seen. All UCL tears and partial tear of ECU tendon were associated with tears of LTL. Tear of the extensor carpi ulnaris tendon sheath was associated with communicating tears of the ulnar attachments of the TFC.
No consensus exists regarding single vs multiple compartment injections of contrast on MRA. Each technique has its proponents and advantages. Mann et al. [28] concluded that the first injection of three-compartment arthrography shows unidirectional communications to the best advantage. Amrami [1] considered the single compartment arthrography to be more definitive and that the interpretation of multicompartment injections on the static MRI images obtained after arthrography is complex, since there is no available "subtraction" technique and it can be difficult to sort out which ligaments are completely or partially torn and what the direction of contrast flow has been. This author [1] preferred a single compartment injection planned with the referring surgeon, performing a single injection in the most clinically relevant compartment and then adding additional injections if a tear is not seen on the conventional arthrogram preceding MRI examination.
Zanetti et al. [58] and Rüegger et al. [41] consider noncommunicating defects of ulnar attachments of TFC to be frequently symptomatic. To diagnose these tears, the authors recommended including an injection of contrast material into the DRUJ in wrists with no communicating defects of the TFC following radiocarpal injection. They reported an accuracy of 80% and a sensitivity of 85% for peripheral TFC tears. Khouri et al. [19] suggested tailoring the examination to a one or two compartment injection when there is spontaneous intercompartmental communication and/or when the clinical query is precise (e.g., a DRUJ injection is omitted if there are no ulnar-sided symptoms).
Cerezal et al. [11] recommended performing triple compartment MRA in patients with chronic pain of unclear origin or instability of the wrist. In cases of suspected TFCC or intrinsic ligament lesions, the authors use conventional MR imaging with radiocarpal MRA. If a lesion of the ulnar attachment of the TFC is suspected at conventional MR imaging, they perform two compartment (radiocarpal and DRUJ) MRA.
A number of authors advocate using CT arthrography (CTA) for the assessment of SLL and LTL tears [11, 43, 48, 60] . Schmid et al. [43] compared CTA to standard MRI for the evaluation of SLL and LTL tears and found that CTA is also able to evaluate the different ligament segments individually and was superior to MR imaging in the detection of dorsal segment tears. Moser et al. [33] showed that CTA is more sensitive than MRA in the diagnosis of wrist ligament tears, particularly for partial tears of the SLL and LTT, which were not reliably detected [7, 33] . An additional advantage of CTA is its ability to identify cartilage defects and thinning [60] . Khoury et al. [19] suggested that CTA has an advantage over MRA as it is less prone to motion artifact due to the much shorter duration of the examination, resulting more consistently in a high diagnostic quality scan. Moser et al. [33] suggested that CTA should be used as the primary modality for the examination of intrinsic ligament tears with sensitivities, specificities, and accuracies similar or improved compared with MRA.
The limitation of this study is that the comparison was made between contrast-sensitive and noncontrast-sensitive sequences following intra-articular contrast injection. However, while gadolinium has low signal on STIR images, it is not shown to alter the tissue contrast and visualization of the anatomical structures.
Conclusions
Superior contrast resolution, joint distention, and flow of contrast facilitate diagnosis of lesions of the TFCC and intrinsic ligaments on contrast-sensitive as opposed to noncontrast-sensitive sequences of MRA. Little agreement exists regarding the clinical value and location of symptomatic perforations of the intrinsic ligaments. Although no consensus exists, it seems that most arthrographies should be started with a radiocarpal injection, adding injection into the DRUJ, in cases of ulnar-sided pain, when no communicational defects are visualized following radiocarpal injection.
